Diapause is an important strategy for certain insect species to survive unfavorable environmental conditions, including low temperatures experienced when they overwinter in cold climate. Many studies have indicated that the increased expression of heat shock proteins during diapause improves the thermal tolerance of insects. However, the relationship between small heat shock proteins (sHSPs) and diapause is not clear or well-researched. In this study, we investigated the transcript levels of 14 sHSP genes in the spruce budworm, Choristoneura fumiferana, a major pest of spruce and fir in Canada, during pre-diapause, diapause, and post-diapause under normal rearing conditions and in response to a heat shock treatment. We found that sHSP expression profiles could be classified into five patterns under normal laboratory conditions: pattern I was upregulated only during prediapause, pattern II was upregulated only during diapause, pattern III was constantly expressed throughout diapause, pattern IV was upregulated in both pre-diapause and diapause, and pattern V was upregulated only during post-diapause. After heat shock, five different expression patterns were observed: pattern I responded weakly or not at all throughout diapause, pattern II responded weakly during the diapause stage but strongly at the onset of diapause and in the post-diapause period, pattern III was upregulated only during post-diapause, pattern IV was strongest during diapause, and pattern V was strongest only in early diapause. These complex expression profiles lead us to suggest that most of the sHSP genes are involved in the diapause process and that they may have multiple and important roles in different phases of this process.
Introduction
Diapause is an important strategy employed by many species of insects to enable them to survive unfavorable environmental conditions such as cold winters, hot summers, or dry seasons (Denlinger 2002; MacRae 2010; King and MacRae 2015) . Insect diapause is a physiological process characterized by behavioral modification, metabolic suppression, and increased stress tolerance. It is controlled externally by environmental factors such as temperature and day length and internally by a complex combination of processes involving endocrine, neuroendocrine, metabolic, molecular, cellular, and enzymatic changes (Denlinger 2002; MacRae 2010 and King and MacRae 2015) . Many studies have demonstrated that diapausing insects can enhance stress tolerance or resistance through production of polyols and other low-molecularweight compounds, such as glycerol, sorbitol, mannitol, trehalose, proline, and antifreeze proteins, to depress their body's supercooling point and to non-colligatively stabilize proteins. Cold-induced damage to certain species of insects' metabolism can also be mitigated through modification of the cytoskeleton by enhancing the elasticity of cellular membranes (Denlinger 2002; MacRae 2010; King and MacRae 2015) . In contrast, scant information exists on the regulation of diapause at the molecular level.
Recent studies have provided evidence that heat shock proteins (HSPs) may be major contributors to stress tolerance, allowing certain species of insects to withstand severe weather conditions (Rinehart et al. 2007; Basha et al. 2012; Zhao and Jones 2012; King and MacRae 2015) . Heat shock proteins are a group of molecular chaperones that are ubiquitous in both prokaryotes and eukaryotes. They assist in ensuring the correct folding of nascent proteins and help to refold proteins misfolded due to cumulative cell stressors, thus preventing their aggregation (Waters and Rioflorido 2007; Waters 2013) .
Insect HSPs can be classified into four major families based on their molecular weights and structural characteristics (King and MacRae 2015) : HSP90, HSP70, HSP60, and small heat shock proteins (sHSPs). Many HSPs are upregulated by diverse stresses, including heat, cold, starvation, dehydration, infection, ultraviolet light, and exposure to wide range of chemicals (Rinehart et al. 2007; Basha et al. 2012; Zhao and Jones 2012, King and MacRae 2015) . It has been demonstrated that members of the HSP70 and HSP60 families are upregulated during diapause in insects from different orders. For example, HSP70s are upregulated in the gypsy moth (Lymantria dispar) embryo (Rinehart et al. 2007 ), the European corn borer (Ostrinia nubilalis) larva (Rinehart et al. 2007) , and the flesh fly (Sarcophaga crassipalpis) pupa (Hayward et al. 2005) . HSP60s are upregulated in the Sarcophaga crassipalpis pupa (Rinehart et al. 2007) . Increased HSP70 or HSP60 levels may also contribute to the enhancement of cold tolerance and the interruption of development in various insect orders (Rinehart et al. 2007 ). In contrast to the genes of the HSP70 and HSP60 families, those of the HSP90 family are downregulated during diapause in most species examined, e.g., in S. crassipalpis pupa (Hayward et al. 2005; Rinehart et al. 2007 ) and in bamboo borer (Omphisa fuscidentalis) larva (Tungitwitayakul et al. 2008) . Decreased HSP90 levels during diapause suggest possible critical roles in shutting down hormonal signals and in arrest of the cell cycle Rinehart and Denlinger 2000; MacRae 2010) .
Members of the sHSP family have a molecular weight range of 12-43 kDa, are characterized by the presence of a conserved α-crystallin domain, and exhibit ATP-independent chaperone-like activity (Basha et al. 2012; King and MacRae 2015) . These proteins have been implicated in many physiological processes, including cellular stress resistance (Landry et al. 1989) , cytoskeleton stabilization (Wieske et al. 2001; Quinlan 2002) , apoptosis inhibition (Arrigo 1998) , membrane fluidity (Tsvetkova et al. 2002) , cellular longevity (Wood et al. 2010) , and resistance to various diseases (MacKay et al. 2003; Evgrafov et al. 2004) . The roles of sHSP in diapause, however, have been less studied and are thus poorly understood.
Insect sHSPs are expressed in a wide array of patterns under stress and non-stress conditions. A number of sHSPs have been isolated and studied from the insect orders Diptera (Drosophila melanogaster, Haass et al. 1990; Morrow et al. 2006) , Lepidoptera (Bombyx mori, Li et al. 2009; Chilo suppressalis, Lu et al. 2014) , Coleoptera (Tribolium castaneum, Mahroof et al. 2005) , and Hymenoptera (Apis cerana, Liu et al. 2012) . The expression of an individual sHSP is regulated in a tissue-and developmental stagespecific manner in the absence of stress, suggesting that insect sHSPs play important roles in various developmental processes as well as metabolic activities and reproduction (Dubrovsky et al. 1996; Huet et al. 1996; Joanisse et al. 1998; Sonoda et al. 2006; Kokolakis et al. 2008; Takahashi et al. 2010) .
Currently, the role of sHSPs in insect diapause is poorly understood although evidence suggests they are important during the diapause developmental process. For example, in the freeze-tolerant gall fly, Euros solidaginis, the expression of sHSP increases before and during diapause in late fall and winter (Zhang et al. 2011) . In silkworm (B. mori), the expression of HSP20.4, HSP20.8, HSP40, HSP70, and HSP90 remains constant in diapausing eggs, whereas HSP20.8A is upregulated (Saravanakumar et al. 2008; Hwang et al. 2005 ). In the corn stalk borer (Sesamia nonagrioides), SnoHSP19.5 is expressed consistently, whereas SnoHSP20.8 is initially downregulated and then upregulated as diapause comes to completion (Gkouvitsas et al. 2008) . In diapausing larvae of the blow fly (Calliphora vicina), HSP23 and HSP24 are upregulated (Fremdt et al. 2014) .
Despite the likelihood that sHSPs act during diapause, there is no clear and concrete picture of their expression profiles in any single species during this developmental phase. Furthermore, phylogenetic and biological analyses suggest that most insect sHSPs have evolved independently in different insect orders (Sakano et al. 2006 , Huang et al. 2008 Li et al. 2009; Zhang et al. 2015) . It may be that species-specific sHSPs strongly contribute to the adaptability of insects in diverse environments.
Investigating the roles of sHSPs during the diapause of a single species will improve our understanding of how an insect adapts to environmental conditions and how the changing climate affects its geographic distribution and population dynamics. As such information becomes available for more insects, we may gain an appreciation of how specific sHSPs act in each species.
The spruce budworm (SBW) (Choristoneura fumiferana; Lepidoptera: Tortricidae) is the most widely distributed and destructive defoliator of spruce-fir forests in North America (Stehr 1967 , Régnière et al. 2012 ). In the past few hundred years, periodic outbreaks have occurred across millions of hectares of spruce-fir forest (Blais 1983, Boulanger and Arseneault 2004) . The SBW has an obligatory winter diapause of approximately 8 months as a second-instar larva within a hibernaculum spun on sheltered structures of host trees. Overwintering survival greatly affects SBW population size, dynamics, and geographical distribution (Royama 1984; Han and Bauce 1993) .
Previously, we identified 15 sHSP genes in the SBW transcriptomes, including CfHSP20.3, which has no expression during development and may be a pseudogene (Quan et al. 2018) . Phylogenetic analysis indicated that at least five of these sHSPs are SBW specific. Under non-stress conditions, transcript levels of various sHSPs differ according to life stage and tissue. Upon heat stress, the expression of nine sHSP genes increases (Quan et al. 2018) . In the present study, we analyzed 14 sHSP genes during different diapause stages in the laboratory and their response to heat shock during diapause. Here, we present our findings and discuss the potential roles of these sHSPs before, during, and after diapause.
Materials and methods

Experimental insects
Second instar larvae during or after diapause were provided by Insect Production Services, Great Lakes Forestry Centre, Sault Ste. Marie, ON, Canada, and were reared on an artificial diet modified from McMorran (1965) . The insects were maintained at 22-23°C, 70% relative humidity, and under a 12-h light:12-h dark photoperiod regime.
Sample collection and heat shock treatment
Approximately 50 first instar larvae were collected within 12 h after hatching. The larvae were reared in a 15-mL cup with diet at 23°C for 3 weeks then transferred to 4°C for 25 weeks. They were thereafter transferred to a cup with fresh diet and reared at 23°C for a final week. Larvae at different diapause stages were collected at different time intervals as indicated in Fig. 1 . For heat shock treatment, approximately 25 larvae at various diapause stages were transferred to an incubator at 37°C for 1 h and then homogenized in TRIzol reagent (Thermo Fisher Scientific, USA). The homogenates were stored at − 20°C until RNA extraction.
RNA isolation and RT-qPCR
Total RNA isolation, removal of genomic DNA contamination, and first-strand complementary DNA (cDNA) generation were conducted as previously reported (Quan et al., 2018) . The real-time quantitative polymerase chain reaction (RT-qPCR) was conducted in 20 μL volumes comprising 10 μL 2xSensiFAST SYBR No-ROX Mix (Bioline USA Inc.), 2 μL cDNA template, and 8 μL gene-specific primers (Quan et al. 2018) . A CFX Connect Real-time PCR Detection (Bio-Rad) system was used as follows: 40 cycles at 95°C for 10 s and 65°C for 20 s. The relative quantity of each transcript was assessed using the 2 -ΔΔCT method (Livak and Schmittgen 2001) . Three (Tef-1α, actin and HSC72.5) genes were evaluated as potential internal reference genes for calculation of relative transcript levels of the genes under heat shock and diapause development. The relative mRNA levels of these genes were similar in the control and heat-treated samples, but the actin and HSC72.5 were unstable during diapause (data not shown). Therefore, the Tef-1α gene was used to normalize transcript abundance in each sample. The expression levels of each transcript were measured in at least four independent biological samples and in two technical replicates for each biological sample.
Statistical analysis
All data are presented as mean ± SD (standard deviation). Differences between treatment groups and the control group were analyzed by one-way ANOVA, followed by student's t tests.
Results
Expression profiles of 14 sHSP transcripts under laboratory conditions in SBW in pre-diapause, diapause, and post-diapause
The transcript levels of 14 C. fumiferana sHSPs genes (CfHSPs) were measured using RT-qPCR. Samples from eight time points from pre-to post-diapause were collected (Fig. 1) . The sHSP transcript expression profiles under laboratory conditions were classified into five patterns ( Fig. 2) : pattern I was upregulated only during pre-diapause, pattern II was upregulated only during diapause, pattern III was constantly expressed throughout diapause, pattern IV was upregulated in both pre-diapause and diapause, and pattern V was upregulated only during post-diapause. Pattern I included three CfHSP: CfHSP20.2, CfHSP21.5b, and CfHSP22.0. These transcripts were highly expressed during pre-diapause, but once the larvae were confirmed to be in diapause and were transferred to 4°C, their expression levels dropped to low levels and such a drop in the expression levels was also observed even when subjects were transferred to room temperature. The expression of pattern I genes during pre-diapause was approximately 5 times higher than that during any later stage tested. Pattern II occurred with two genes: CfHSP19.6 and CfHSP22.1. Transcript levels were dramatically upregulated during the development of diapauses, but they exhibited low expression levels at early and post-diapause. CfHSP19.6 transcript levels were 60-fold higher in larvae that had been in diapause for 25 weeks compared to those in pre-diapause. Pattern III occurred with two genes: CfHSP20.0 and CfHSP21.3. Their transcripts were constitutively expressed during diapause with little variation, particularly CfHSP20.0. In contrast, transcripts of CfHSP21.3 were higher 1 week after the larvae hatched than those in larvae further along in the prediapause stage or 10 weeks into diapause. At 25 weeks of diapause, transcript abundance increased again and remained relatively constant throughout post-diapause. Pattern IV occurred with four genes: CfHSP19.2, CfHSP19.7, CfHSP21.5a, and CfHSP24.3. The transcripts of these CfHSPs were highly expressed during pre-diapause and diapause but were then downregulated in post-diapause when development resumed. Pattern V occurred with three genes: CfHSP18.6, CfHSP23.9, and CfHSP28.4. The common feature of this pattern was that transcripts were upregulated only in post-diapause, that is, after larvae were transferred back to room temperature. However, the expression pattern of CfHSPs in pattern V was somewhat hypervariable: CfHSP18.6 was extremely highly expressed on day 5 postdiapause, CfHSP23.9 was upregulated on day 1 post-diapause, and CfHSP28.4 started to increase after 10 weeks at 4°C, maintaining a relatively high expression until development resumes. In summary, the transcript levels of most CfHSPs varied across diapause stages. Fig. 2 Expression profiles of small CfHSP transcripts during prediapause, diapause, and post-diapause. Total RNAs were isolated from pre-diapause (1, 2, and 3 W), diapause (10 and 25W), and post-diapause (1, 3, and 5D) larvae. The small CfHSP transcript levels in the larvae were quantified with RT-qPCR (see BMaterials and methods^). Values are means ± SD of four biological replicates, with two technical replicates each and are expressed as apparent expression levels relative to the control gene, translation elongation factor-1α (Tef-1α). For each gene, different letters above the bars indicate significant differences from the other developmental times (P < 0.05) Fig. 1 Schematic of the experimental design used in this study. Sampling times occurred at 1, 2, and 3W (first instar larvae held at 23°C for 1, 2, or 3 weeks after hatch); 10 and 25 W (second instar larvae held at 4°C for 10 and 25 weeks); and 1, 3, and 5D (second instar larvae returned to 23°C for 1, 3, and 5 days after 25 weeks at 4°C). Note that spruce budworm diapause extends from August to May in the field
Effect of heat stress on expression profiles of 14 CfHSPs during pre-diapause, diapauses, and post-diapause in SBW
We compared the relative expression levels of 14 CfHSP transcripts after heat shock treatments to those of controls using RT-qPCR during pre-diapause, diapause, and post-diapause stages of second instar larvae of SBW. The results revealed that the expression profiles could be classified into five patterns after heat shock (Fig. 3) : pattern I responded weakly or not at all throughout diapause, pattern II responded weakly during diapause but strongly responded at the onset of diapause and in the post-diapause period, pattern III was upregulated on day 1 when larvae were transferred to room temperature but declined on days 3 and 5 after transfer to room temperature, pattern IV was strongest during diapause, and pattern V was strongest only in early diapause. Five genes were classified as showing pattern I: CfHSP18.6, CfHSP21.3, CfHSP22.0, CfHSP24.3, and CfHSP28.4. Pattern II was shown by four genes: CfHSP19.6, CfHSP21.5a, CfHSP22.1, and CfHSP23.9. Pattern III was shown by three genes: CfHSP19.2, CfHSP20.2, and CfHSP21.5b. Pattern IV was shown by one gene: CfHSP19.7. Interestingly, one gene, CfHSP 20.0 (Pattern V), exhibited a relatively constant response to heat shock during all the stages tested, although the response in the first week after hatching was two to four times stronger than at other sampling times. In summary, CfHSP genes exhibited complex expression patterns after heat shock. Five genes showed no or very weak responses to heat shock, whereas nine genes showed responses that were variable in strength and dependent on the gene and stage of diapause. Four of the nine heat-inducible genes showed relatively weaker responses during the main stage of diapause, and three displayed stronger responses in post-diapause. One gene displayed a similar response to heat shock in most diapause stages and one gene had a stronger response during the main stage of diapause.
Discussion
The complex expression profiles of 14 small CfHSP genes in second-instar C. fumiferana larvae during diapause as well as pre-and post-diapause lead us to suggest that most of the sHSP genes are involved in this developmental process. Diapause is not just an interruption in development; it is an alternate developmental pathway, characterized by metabolic suppression, cell cycle arrestment, and increased resistance to environmental stress. All of these steps can be associated with gene expression patterns not observed in non-diapause-destined individuals (Flannagan et al. 1998; Denlinger 2002; Rinehart et al. 2010; King and MacRae 2015; Poupardin et al. 2015) .
Adequate preparation for diapause is extremely important because failure to do so will reduce the likelihood of survival (Denlinger 2002) . The early diapause genes represent a subcategory of upregulated genes that are expressed in pre-and early diapause, but that cease to be expressed at high levels in late diapause. They may be involved in the processes that bring development to a halt or remove developmental blocks that enable the termination of diapause (Denlinger 2002) . The upregulation of HSPs including sHSPs in diapause has often been explained in terms of increased cold tolerance, suppression of development, cytoskeleton stabilization, or protein sequestering (Rinehart et al. 2010; King and MacRae 2015) . We found three members showing pattern I (CfHSP20.2, CfHSP21.5b and CfHSP22.0) and four members showing pattern IV (CfHSP19.2, CfHSP19.7, CfHSP21.5a, and CfHSP24.3) that were highly expressed in the early stage of diapause. We propose that these sHSPs may be involved in the events cited above; however, further investigations are required to verify this.
It has been demonstrated in C. fumiferana as well as in other insect species such as L. dispar, Galleria mellonella, and Leptinotarsa decemlineata that proteins associated with diapause begin to accumulate just before the onset of diapause and are utilized when development resumes at the termination of diapause (de Kort 1996; Lee et al. 1998; Palli et al. 1998; Godlewski et al. 2001) . The expression of mRNA during diapause has been previously studied in C. fumiferana. Feng et al. (2001) found that C. fumiferana glutathione S-transferase (CfGST) is variably expressed throughout developmental stages; they also determined that CfGST is highly expressed before and throughout diapause and that levels do not begin to decline until well after diapause has ended. These findings led Feng et al. (2001) to suggest that CfGST may have roles in detoxification. It is unclear whether or not the upregulated genes that code for these proteins have some relationship with the upregulated CfHSPs studied (pattern IV; Fig. 2) . What is known is that early diapause is a complex process. This was recently demonstrated in the drosophilid fly Chymomyza costata, where early transcriptional events linked to the induction of diapause are involved in cell cycle regulation, metabolism of lipids, amino acids, organic acids, detoxification, redox balance, protection against oxidative stress, cuticle formation, and synthesis of larval storage proteins (Poupardin et al. 2015) .
Once in diapause, the insect's development is interrupted and new metabolic machinery that will sustain the larva during metabolic suppression is switched on. Development resumes only after environmental cues activate changes within the insect's body. Genes associated with the action of ecdysteroids may be critical for regulating such diapause events. In C. fumiferana, both the ecdysteriod receptor (EcR) and the ultraspiracle (USP) are expressed throughout diapause. However, the ecdysone-inducible transcription factors Choristoneura hormone receptor 5 (CHR75A and CHR75B) and Choristoneura hormone receptor 3 (CHR3) are absent during diapause and reappear when diapause is terminated (Palli et al. 2001 ).
In the current study, we found six CfHSP genes upregulated in diapause, including four members showing pattern IV (CfHSP19.2, CfHSP19.7, CfHSP21.5a, CfHSP24.3) and two members showing pattern II (CfHSP19.6 and CfHSP22.1). In S. crassipalpis, at least six sHSPs are upregulated in overwintering pupae Rinehart and Denlinger 2000) . These sHSPs do not determine the onset of diapause nor do they affect its duration. They do, however, have a profound effect on the pupa's ability to survive at low temperature (Rinehart and Denlinger 2000) . This cryoprotection may result from the maintenance of the integrity of key metabolic enzymes and/or structural proteins and/ or the direct contribution to the regulation of diapause by ensuring the cell cycle is interrupted Rinehart and Denlinger 2000 , Rinehart et al. 2006 . The upregulated CfHSPs may also contribute to cold tolerance in C. fumiferana. However, the four genes showing pattern IV display different expression patterns from those of their counterparts in S. crassipalpis, i.e., they have relatively high expression during the pre-and main diapause periods. It is possible that this group has one or more other roles, such as triggering the onset of diapause and possibly regulating the anti-apoptosis process, a process crucial for maintaining cellular integrity during diapause. Certain sHSPs can control apoptosis during diapause by interacting with β-arrestin, proapoptotic members of the Bcl-2 family such as Bax and BclXs, cytochrome c, and caspases (Villeneuve et al. 2006; MacRae 2010) . Whether this is the case in C. fumiferana can be determined through further experiments.
During the late or post-diapause stages, genes involved in controlling the mechanisms that suppress development are switched off and genes involved in development are switched on (Denlinger 2002 ). These late-diapause genes may be involved in the construction of new tissues and in meeting new metabolic requirements. For example, the activity of several digestive enzymes is promptly increased in the mid-gut of L. dispar upon the termination of diapause (Lee et al. 1998 ). In B. mori, the level of sorbitol dehydrogenase (SDH), the enzyme that catalyzes the conversion of sorbitol into glycogen Fig. 3 Relative transcript levels of CfHSPs in SBW responding to heat stress during pre-diapause, diapause, and post-diapause. For heat shock treatment, larvae at pre-diapause (1, 2, and 3W), diapause (10 and 25W), and post-diapause (1, 3, and 5D) were heat stressed at 37°C for 1 h or left at room temperature for 1 h as a control. The total RNAs were isolated from the heat-treated or control larvae, and the transcript levels of CfHSPs in the samples were quantified using RT-qPCR. Values are means ± SD of four biological replicates and are presented as relative expression levels between the stress and control after normalization to the expression of translation elongation factor-1α (Tef-1α). For each gene, different letters above the bars indicate significant differences compared with the other developmental times (P < 0.05) for energy, increases at the termination of diapause (Niimi et al. 1993 ). In the sweet potato hornworm, Agrius convolvuli, a cytochrome c oxidase subunit is upregulated in the brain 24 h after the pupae are transferred for diapause termination (Uno et al. 2004) . The increase in abundance of this electron transfer protein is associated with the boost in oxygen demand that accompanies the termination of diapause and resumption of development.
This study found that CfHSP18.6, CfHSP23.9, and CfHSP28.4 had their highest expression after the larvae were returned to room temperature (pattern V; Fig. 2 ). Under laboratory conditions, the previously diapausing larvae started to consume the diet provided after 24 h at room temperature and by 3-5 days post-diapause; 80-100% were actively feeding. This suggests that the upregulated expression of the three sHSPs may be involved in the completion of diapause and the resumption of development. Curiously, the upregulation of CfHSP18.6 was not observed until day 5 post-diapause. The reason for this late increase is unknown and needs to be deciphered via further experimentation. Rezende et al. (2011) noted that the responses of sHSPs to heat shock can be complex. They depend on the speed of onset and the intensity of the stress. In this study, second instar larvae from pre-to post-diapause were heat treated using the conditions previously described by Quan et al. (2018) . Interestingly, nine CfHSPs that were induced by heat in nondiapausing life stages had marked increases in transcript levels (~250 to 2400 times the control values), whereas the five nonheat-inducible CfHSPs responded weakly or not at all (~0 to 5 times the controls; Figs. 1 and 2 ). For example, CfHSP22.1 strongly responded to heat shock in SBW eggs, larvae, pupae, and adults and also did so during diapause in second instar larvae. CfHSP20.0 responded to heat shock during diapause in a manner similar to that observed during non-diapause ( Fig.  2 ; Table 1) .
These results may imply that the heat response regulating system is similar in diapausing and non-diapausing insects. Genes showing pattern II had high transcript levels before and after diapause, but relatively low levels during diapause; genes showing pattern III had the highest response after diapause, and CfHSP19.7 (Pattern IV) was highest during diapause. The heat-inducible CfHSP genes were sometimes strongly and sometimes weakly induced at different stages of diapause. It may be that different genes are responsible for managing stress at different times and that multiple genes are required to provide ongoing stress protection throughout the diapause process.
Phylogenetic and biological analyses suggest that most insect sHSPs have evolved independently in different insect orders (Huang et al. 2008; Li et al. 2009; Zhang et al. 2015) , implying that species-specific sHSPs may greatly contribute to the adaptability of these insects in diverse environments. Previously, we compared the CfHSP genes with the 67 sHSPs isolated from four other lepidopteran species. We found that five CfHSPs are probably SBW-specific (CfHSP19.2, CfHSP 20.0, CfHSP21.5a, CfHSP22.1, and CfHSP23.9) (Quan et al. 2018) . Remarkably, although these five SBW-specific CfHSPs displayed similar or different expression patterns, all are heat inducible in diapause (Figs. 2 and 3) . Table 1 Summary of the abundance of CfHSPs transcripts at several points throughout the life cycle of spruce budworm, including diapause and non-diapause developmental stages under non-stress and heat shock conditions. Data for non-diapause are taken from Quan et al. (2018) . It would be interesting to determine whether other species-specific lepidopteran sHSPs show similar expression patterns during diapause, and whether these genes significantly enhance stress tolerance, compared to other sHSPs. Studies of these genes may greatly contribute to our understanding why different pest insects are able to adapt to different environments, under what conditions their numbers may be repressed, and under what conditions they may thrive and possibly expand to outbreak status.
To understand how the expression of sHSPs might influence diapause, investigations are required at the level of the proteome and metabolome. Zhao and Jones (2012) reported that an increase of sHSPs at the transcript level is not always correlated with higher protein levels under heat stress. Therefore, further research is necessary to clarify which, if not all, of the sHSP RNAs are actually translated and at what diapause stages. The downregulation of sHSP using RNAi might dissect the roles played by the individual sHSPs by looking for lethality or for non-lethal morphological, temporal, or metabolic changes. Small HSPs work as molecular chaperones to bind substrate proteins, especially improperly folded proteins, and also work with other proteins, such as other ATP-dependent HSP, to form networks during most biological events (Jaya et al. 2009; Mymrikov et al. 2011; King and MacRae 2015) . Therefore, identification of their substrates during each stage of diapause is important to understand the roles of individual sHSPs in diapause and their contribution to insect survival during various times of increased stress.
In this study, we established that many sHSP transcript levels changed dramatically during diapause initiation, maintenance, and termination. These pronounced changes may be useful as biomarkers to monitor diapause development and eventually to predict the distribution and outbreaks of C. fumiferana in the field.
We analyzed sHSP expression profiles under ideal laboratory conditions, but the field environment has very different conditions with fluctuations in temperature. Such fluctuations may have a stimulating or synchronizing effect on post-diapause development (Règnière 1987 (Règnière , 1990 . Furthermore, thermal stress is usually accompanied by one more additional stress factors such as drought or high levels of solar irradiation. Therefore, it is important to investigate the relationship between CfHSP expression and diapause development under field conditions.
